The Toc and Tic translocon facilitate import of preproteins into chloroplasts. In the past, it was speculated that several translocon subunits act specifically for different types of precursor proteins or in different tissues. To generate a comprehensive picture of the expression and tissue-specific localization of the translocon subunits, their transcript levels were analyzed in roots and leaves. Certain Tocs and Tics were found to be tissuespecific. The protein composition of the transloci in the envelope membranes of chloroplasts was analyzed to describe the function and possible stoichiometry. In contrast to Tic subunits, several Toc subunits seem to have a high turnover.
Most chloroplast proteins are nuclear-encoded and synthesized in the cytosol as preproteins with an N-terminal presequence (1) . Hetero-oligomeric machineries are required for translocation of preproteins across the chloroplast membranes. At least 13 envelope proteins are implicated in protein translocation and its regulation. Six proteins assist the translocation across the outer envelope (OE).
1 Toc75 (Translocon in outer envelope of chloroplasts of 75 kDa) forms the translocation channel (2) . Toc34 and Toc159 are two GTPases with receptor function (3, 4) . Toc64 is proposed to be the docking site for the guidance complex (5) , and Toc12 2 is a newly identified DnaJlike protein activating isHsp70, the membrane-inserted, intermembrane space-facing Hsp70 chaperone (6, 7) . The Tic complex is composed of seven components (1) . Tic110 acts as the protein translocation pore in the inner envelope (IE), and Tic55, Tic62, and Tic32 are involved in redox regulation of translocation (1) . 3 The functions of Tic40, Tic22, and Tic20 are less well defined. Tic40 shares homology to heat shock-associated proteins (8) , Tic22 might be a preprotein receptor in the intermembrane space, and Tic 20 might contribute to the translocation channel (9) .
Analysis of the Arabidopsis thaliana genome revealed multiple isoforms for several translocon components (10) . Two isoforms of Pisum sativum Toc34 (psToc34), namely A. thaliana Toc33 (atToc33) and atToc34, were identified (11) . Ppi1 A. thaliana plants, which have a loss of function mutation in atToc33, the homologue to psToc34, show a pale green phenotype in early developmental stages, whereas antisense plants of atToc34 do not differ from wild type. It was concluded that atToc33 can substitute for the atToc34 function but not vice versa (11, 12) . Toc34 and Toc33 show differential affinities for different precursor proteins in vitro (13) . The second GTPase, Toc159, functioning as a motor of translocation (14) , has three isoforms: Toc132, Toc120, and Toc90 (15) . Knocking out the atToc159 gene leads to defects in chloroplast biogenesis, which cannot be compensated by endogenous expression of other isoforms (16) . The functional differences of the Toc159 family remain elusive. For Toc75, four members of the gene family were proposed, namely Toc75-I, -III, -IV, and -V, and for Toc64, three members of the gene family are known, namely Toc64-I, -III, and -V. However, Toc64-V is clearly located in mitochondria and not in chloroplasts (17) .
Some of the proteins were only predicted by in silico analysis, and little is known about the expression and stoichiometry of the subunits in plants. We therefore analyzed the gene expression as well as the protein levels in the envelope membrane to gain insights into possible functions of the proteins.
EXPERIMENTAL PROCEDURES
Gene Chip Analysis-RNA was extracted from 4-week-old wild type A. thaliana, and gene chip analysis of Affymetrix ATH1 arabidopsis genome chip (Affymetrix, High Wycombe, UK) was performed according to the manufacturer's recommendation. Expression data were analyzed using the software provided by Affymetrix (MAS). The data for the diurnal gene expression were downloaded from affymetrix.arabidopsis-.info/narrays/experimentpage.pl?experimentidϭ60. The expression values of investigated gene products were normalized according to the highest expression observed. Then the difference of expression was calculated for all combinations of transcripts at each time point, and the absolute values of the differences were added.
Protein Purification, Western Blot Analysis, and QuantificationChloroplasts and chloroplast envelopes were prepared from pea (P. sativum) after 1 h of light treatment as described (18) . Cloning and expression of the proteins used is described elsewhere (5, 14, 19 , and references therein). Protein content of envelopes, organelles, and purified proteins was determined by Bio-Rad protein assay (Bio-Rad), and chloroplast content was analyzed by chlorophyll measurement. Defined amounts of purified proteins or proteins present in the envelopes or organelles were separated by SDS-PAGE, blotted, and incubated with primary antibodies. Primary antibodies raised against His-tagged proteins were preincubated with His-tagged pSSU, sufficiently removing the subset of antibodies specific for the His tag epitope (data not shown). Proteins were visualized by alkaline phosphatase staining, and proteins were quantified after scanning of blots using AIDA image analysis software. (20) . Proteins were separated by SDS-PAGE, and the nucleotide binding was ana-* This work was supported by grants from the Deutsche Forschungsgemeinschaft, from the Fonds der Chemischen Industrie and from the Volkswagenstiftung (to E. S. and J. S.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. lyzed by phosphorimaging device. The molecular ratio between the GTP-loaded Toc34 and the ATP-loaded isHSP70 was quantified using AIDA software.
RESULTS AND DISCUSSION

Gene Expression of the Toc Subunits in Green and
Non-green Tissues-Photosynthetic and non-photosynthetic proteins were proposed to use different Toc33 and Toc159 isoforms (12) . We therefore asked whether differential gene expression of Toc isoforms in photosynthetically active and inactive tissues could be observed. The data show the highest expression levels for Toc159, Toc75-III, and Toc33 (Fig. 1A) . These proteins form the core complex for translocation across the outer envelope (18) . Interestingly, Toc132, Toc 90, Toc34, Toc75-V, and the two isoforms of Toc64 showed a similar expression, which is lower than the expression of Toc75-III. Only Toc120 was further reduced, and no expression of Toc75-I and Toc75-IV could be detected.
In roots, all genes analyzed were expressed with the exception of Toc75-IV and Toc75-I. A comparison of expression shows higher transcript levels of receptors Toc33, Toc159, and Toc64-III in leaves than in roots. This is in line with the pale or white phenotype of Toc33 or Toc159 knock-out mutants (12, 16) . Three proteins showed a significantly higher expression in roots than in leaves, namely Toc34, Toc132, and Toc120. None of these three isoforms was able to complement the knock-out either completely (in the case of Toc33 (11, 12) ) or at all (in the case of Toc159 (16)) their respective isoform in leaves. The ratio of expression of Toc75 isoforms is similar in leaves and roots. Assuming that both isoforms are involved in preprotein translocation suggests that the specification of the complexes for photosynthetic and non-photosynthetic proteins is defined by the receptor components and not by the channel protein.
A similar conclusion can be drawn from analysis of the diurnal gene expression (Fig. 1D) . Gene expression of Toc75-III and Toc75-V do not differ drastically (dark area). The same was observed for Toc90/Toc159 and Toc120/Toc132 receptor pairs but not for other combinations of these receptors. Toc33 and Toc34 also differ drastically in their expression (white area). Again, the results point to dynamic Toc composition for preprotein recognition. 
Differences in the Presequence Architecture for Recognition by
Toc33 and Toc34 -Guided by the hypothesis of differential receptor function based on the gene expression data, we investigated the features of the presequences differentially recognized by Toc33 and Toc34. Due to the small number of proteins analyzed biochemically (13), we analyzed chloroplast-targeted proteins differentially affected in their gene expression in the ppi1 background. We analyzed three pools of 100 nuclearencoded, chloroplast-targeted proteins each, which are drastically up-, down-, or not regulated in the ppi1 mutant at the transcription level (12) . We observed a difference in the signal lengths. The down-regulated preproteins contain a presequence, which is statistically about 10 amino acids shorter (ϳ45 amino acids) than up-and not regulated ones (ϳ55 amino acids, supplementary Fig. 1 ). The amino acid distribution of the first 30 N-terminal amino acids of the transit sequences shows that up-regulated preproteins exhibit a hydroxylated and proline-rich region from amino acids 20 to 30, whereas not regulated preproteins contain a positively charged and hydroxylated region from amino acids 18 to 26 (supplementary Fig. 2) . The down-regulated ones are enriched in hydroxylated amino acids at the beginning of the sequence followed by hydrophobic residues ϳ10 amino acids long (supplementary Fig. 2 ). These features are shared by the presequences of pre-ferredoxin: NADP ϩ oxidoreductase and pre-␥ subunit of the chloroplast ATP synthetase, two proteins recognized with higher affinity by Toc33 than by Toc34 (13) . However, experimental results suggest that Toc33/34 recognizes the C-terminal portion of the presequence (13) . Analysis of the 30 amino acids preceding the cleavage site revealed that preproteins recognized by Toc34 (up-and not regulated) again contain a highly hydroxylated region (Fig. 2) , which is not as pronounced in Toc33-preferred presequences (down-regulated). Remarkably, these presequences contain positive charges at the Ϫ1 and Ϫ8 position. These results suggest that amino acid distribution in the presequence is directly connected with differential recognition by Toc34 homologues.
Gene Expression of the Tic Components-Analyzing the gene expression of the Tic components in leaves revealed that Tic55 and Tic110 are the most abundant transcripts. Only the Tic20-IV transcript could not be detected in leaves (Fig. 3A) but was found in roots (Fig. 3B) . Tic55 is almost exclusively expressed in green tissue (Fig. 3, B and C) . Tic40 is also predominantly expressed in green tissues. All other analyzed Tics are expressed almost similarly in leaves and in roots, with the exception of Tic20-IV. Diurnal expression patterns of the Tic proteins did not fluctuate with the exception of the two Tic20 isoforms (Fig. 3D) . Comparing the expression of the Toc and Tic components revealed a 1.43-fold higher expression rate of Toc75-III in comparison with Tic110 in leaves and a 1.90-fold higher expression rate in roots. This might be explained as follows: the OE translocon has to translocate proteins aiming for the IE and for the stroma. Different routes may exist for these two compartments. However, due to the existence of the thylakoid system, containing the photosynthetically active pro- teins in chloroplasts, a higher translocation rate across the IE is required in comparison with amyloplasts, which do not contain thylakoids. This would lead to an increased Tic/Toc ratio in chloroplasts when compared with non-green plastids.
The Protein Level of the Toc and Tic Components-Differential expression levels might also reflect a differential stability of the proteins and might not directly correlate to protein content. Therefore we analyzed the protein concentration of the known Toc and Tic subunits in isolated envelope membranes (Fig. 4, lanes 1-3) . For some of the subunits, the amount was also analyzed in amyloplasts (not shown) and chloroplasts (lanes 4 -9) . Serial dilutions of expressed proteins were used for quantitation (lanes 10 -12) . For the two channel-forming proteins, we observed 1.3 pmol of Tic110/g of IE and 5.4 pmol of Toc75/g of OE of chloroplasts (Table I ). Taking into account that protein density in the IE is three times higher than in the OE (21), a ratio between Toc75 and Tic110 of 1.4 in chloroplasts can be calculated. This correlates well with the transcript ratio.
The gene expression of Toc159 and Toc34, normalized to the expression level of Toc75-III, is 4 -6 times higher than the protein content in relation to Toc75 (Table I ). This could indicate decreased stability of the receptor proteins. Toc64, Toc12, and isHsp70 are less abundant than the other components. The amount of isHsp70 in the OE identified by SPA-820 antibodies (Fig. 5, lane 3) (7) in comparison with Toc34 was determined by labeling with radioactive ATP and GTP (Fig. 5, lanes 6 and 8) . In addition to these three low abundant proteins, Tic22 could be detected in quantitative amounts in the outer envelope. This result points to a subcomplex architecture involving all four components. Such a complex can be isolated. 2 The low abundance of these proteins might indicate a specialized function. Taking the proposal of Kouranov et al. (9) , this complex might translocate preproteins, which are then further translocated by the Tic20 pathway.
For most of the Tic components, no significant alteration of the protein content profile in comparison with the gene expression profile could be observed. The only proteins drastically differing were Tic22 and Tic62. Tic22 was formerly described as a soluble intermembrane space protein, and here, only the membrane-associated protein and not the total protein content was quantified. In line with this observation, small amounts of the proteins were detected in the outer envelope. Tic62 is involved in redox regulation of protein translocation (19) . The reduced subunit ratio when compared with Tic110 might therefore represent a high turnover. Analyzing chloroplasts, we observed a similar protein ratio between the Toc components as in the OE (supplementary Table I ). Furthermore, calculating the ratio between the amount of Tic components found in chloroplasts (supplementary Table I ) and found in the IE (Table I) reveals a protein ratio between Toc75 and Tic110 of 1.4, which agrees with the estimation from the envelope protein content. The ratio between Toc75 and Tic110 in the envelope membranes might be explained by a pore structure composed of two or three Tic110 proteins or a second pathway requiring the action of Toc75 or Tic110 individually. The analysis of the protein level in amyloplasts revealed a higher protein level of Toc64 than Toc34. However, the gene expression of the two isoforms of Toc34 in A. thaliana (Table I) revealed a higher expression of the gene of atToc33, the homologue to Toc34 in P. sativum (13) , in leaves in comparison with the gene expression of atToc34. In roots, the relationship of the expression is vice versa. Since we so far did not identify the second isoform in P. sativum, the cross-reactivity of the antibodies used with the second isoform is not confirmed. Therefore, the result might reflect that psToc34 is of low abundance in amyloplasts, which would be in line with the gene expression analysis. The protein ratio found for the Tic components investigated (supplementary Table I ) are similar to the gene expression ratio found.
Speculation-From the expression analysis, it can be speculated that two distinct receptor complexes exist. The first complex would be more specific for photosynthetic proteins, predominantly expressed in green tissues and composed of Toc159, Toc90, and Toc33. This would explain their existence in leaves (Fig. 1 ) and the observed phenotypes in ppi1 and ppi2 (12, 16) . The low expression level of Toc90, however, is consistent with the ppi2 phenotype. The second complex would be more specific for the housekeeping proteins and composed of Toc132, Toc120, and Toc34, explaining that both complexes coexist in the same tissues (Fig. 1) . Their different preprotein recognition profile might be defined by differential targeting signals (Fig. 2) . The large discrepancy between gene expression and protein levels of Toc34 and Toc159 leads to the question of whether these two proteins are less stable than the protein channel. Since both proteins face the cytosol and are phosphorylated, it might be that this event is involved in signaling for degradation. It could also be thought that both receptors are partly soluble and therefore not detectable in the membranes. However, this contradicts the current knowledge, especially on Toc34.
From the protein ratio and from the gene expression data, it can be excluded that Tic20 forms the channel for stromaltargeted proteins (9) since a 10-fold molar excess of Toc75 over Tic20 is present in chloroplasts. However, Tic20 might be involved in a translocation pathway of other proteins as suggested above.
